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Abstract 

We examine the large volume compactification of Type IIB string theory or its F theory 
limit and the associated supersymmetry breakdown and soft terms. It is crucial to incorporate 
the loop-induced moduli mixing, originating from radiative corrections to the Kahler potential. 
We show that in the presence of moduli mixing, soft scalar masses generically receive a D-term 
contribution of the order of the gravitino mass m 3 / 2 when the visible sector cycle is stabilized 
by the D-term potential of an anomalous U(l) gauge symmetry, while the moduli-mediated 
gaugino masses and A-parameters tend to be of the order of m 3 / 2 /87r 2 . It is noticed also that a 
too large moduli mixing can destabilize the large volume solution by making it a saddle point. 
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I. INTRODUCTION 



Supersymmetry (SUSY) breakdown in string theory often requires the presence of fluxes 



and nonperturbative effects (like gaugino condensation) [l, 2\. The complete picture, however, 
requires the fixing of many moduli fields. This might be relatively easy to fulfill in the frame- 
work of type IIB theory. Three-form fluxes, gaugino condensation (or .D-brane instantons) 



and a specific uplifting mechanism [3| lead to a picture where 
supersymmetry breaking terms can be determined explicitly [4 



;he gravitino mass and the soft 
ij]. The smallness of the grav- 



itino mass (compared to the string and Planck scales) in the low energy effective supergravity 
theory originates from a small constant term Wq in the superpotential*. The mediation of 
SUSY breakdown is a variant of gravity mediation. In the simplest case the contribution to 
the soft terms is suppressed by the factor 1/ ln(M P i anck /m 3 / 2 ) compared to the gravitino mass 
W3/2 and radiative corrections such as anomaly mediation become competitive, leading to a 
scheme called mirage mediation j^, Then the scale of soft terms is set essentially by m 3 / 2 , 
suppressed by a factor 1/ ln(M Planck /m 3 / 2 ) ~ l/4vr 2 , and the gravitino mass should thus be in 
the multi-TeV range. 

Recently, alternative metastable local minima of the scalar potential in type IIB theory have 
been analyzed. They are characterized by large compactification volume, leading to the so- 
called large volume scenario (LVS) [7]. An attractive feature of this scenario is the fact that a 
small value of m 3 / 2 does not require a small constant Wo in the superpotential, but can rather 
be the consequence of large volume suppression. With Wq ~ Oil), we have the approximate 
relation Mpi anck /M string ~ M string /m 3 / 2 . Values of m 3 / 2 in the TeV range would then require 
the string scale at an intermediate scale around 10 11 GeV. Therefore it might be difficult to 
incorporate the idea of grand unification (at a scale around 10 16 GeV) in the large volume 
scenario. 

Of course, a full understanding of the situation needs a reliable computation of soft SUSY 
breaking terms and their relation to the gravitino mass, which is not available yet. In a recent 
paper [8(, it has been suggested that the soft terms might be tiny compared to m 3 / 2 , for 
instance m so{t ~ ra^/^pkLck or even as small as m soit ~ ^ 3 / 2 /M P i anck . This would then allow 
the gravitino mass as large as 10 11 GeV and the string scale to be of order of 10 15 GeV, which 



In this picture, the uplifting potential is exponentially small as it arises from a SUSY breakdown at the tip of 
warped throat, and then small Wq is required to tune the cosmological constant to a nearly vanishing value. 
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would allow the incorporation of gauge coupling unification at M GUT ~ 10 16 GeV [8| in the LVS 
scheme. In a more recent paper 9j, however, it has been argued that a mechanism of "moduli 
mixing" could destabilize this hierarchy and bring the soft terms closer to the gravitino mass. 
This is reminiscent of similar discussions in heterotic string theory (as well as Horava-Witten 
theory), where higher order corrections to gauge kinetic functions and Kahler potential were 
shown to destabilize such hierarchies between m so f t and 7773/2 10, LL3J- As was pointed out in 



12j, it is difficult to generate a nonperturbative superpotential for the visible sector 4-cycle 



supporting chiral matter fields, which points toward a D-term stabilization of the visible sector 
4-cycle in LVS [8j]. Then there might be additional contribution to soft terms arising from the 
D-term scalar potential. 

In this paper we would like to analyze the large volume compactification and the associated 
soft terms in a class of LVS-theories taking into account the potential "instabilities" of this 
scenario. Radiative corrections to the Kahler potential and the resulting moduli mixings are 
shown to become important for the values of soft terms, completely dominating the contri- 
butions of order m soft ~ ^^/^pffnck discussed in [8J. We also stress the importance of the 
D-terms along the visible sector 4-cycle in the LVS-models. They tend to dominate the soft 
scalar mass terms and give a contribution of the order of the gravitino mass 777.3/2- Gaugino 
masses and A-parameters do not receive D-term contributions, and generically tend to be loop- 
suppressed, being of the order of (9 (7773/2 /87r 2 ). With these contributions from moduli mixings, 
if the gravitino mass were of the order of 10 11 GeV as conjectured in [S\ (in order to accommo- 
date the unification scale Mqut ~ 10 16 GeV with Wq ~ 0(1)), severe fine-tuning of the Kahler 
potential at the multi-loop level would be required to keep the soft terms in the TeV range. 
We would therefore argue that the gravitino mass should not exceed the (multi)-TeV range. 

This paper is organized as follows. In section 2, we revisit the LVS-scheme while incorpo- 
rating the moduli redefinition discussed in Q. We also include a discussion of the stability of 
the large volume solution in the presence of moduli mixing. Section 3 discusses the D-term 
stabilization of the visible sector cycle with an explicit scheme to stabilize the remained D-flat 
direction which is parameterized in this case by £/(l)A-charged (but MSSM singlet) matter 
fields breaking a global Peccei-Quinn symmetry spontaneously. This scheme naturally gener- 
ates an intermediate axion scale in LVS, and can be implemented in other scenarii with a high 
string scale close to the Planck scale. Section 4 is devoted to the discussion of supersymmtry 
breakdown and resulting soft terms, and conclusions and outlook will be given in section 5. 
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II. LARGE VOLUME COMPACTIFICATION WITH MODULI MIXING 



In this section, we revisit the large volume scenario (LVS) while incorporating the loop- 
induced moduli mixing discussed in [9j. To achieve a large compactification volume, one needs 
at least two Kahler moduli, T\ and T 2 , where T\ describes a 4-cycle with large volume and 
T 2 stands for a small 4-cycle supporting non-perturbative effects such as D3 instantons. An 
exponentially large vacuum value of t% = T\ + T* is obtained by the competition between the 
a'-correction of 0(l/t^ 2 ) and the D3 instanton effect of 0(e~ aT2 ), yielding t^ 2 ~ |e aT2 |. In 4D 
effective SUGRA of LVS, the 4D Planck scale Mpi anc k = I/^/WkG^ and the cutoff scale A of 
local dynamics on small 4-cycle differ by certain powers of the compactification volume. For 
instance, in type IIB theory we have 

-^Planck v +3/2 m 

—2 ~ V C Y ~ H , (1) 

string 

where Vqy denotes the Calabi-Yau volume in the string length unit with M string = 1, and 
therefore A/Mpi anc k ~ l/^i^ 4 f° r the local cutoff scale A ~ M string . Generically there can be 
radiative corrections localized on a small 4-cycle, which are controlled by a coupling inversely 
proportional to the 4-cycle volume t 2 = T 2 + T|, and also depend logarithmically on the local 
cutoff scale A. Since Mpi anc k is the natural mass scale of 4D effective SUGRA, including those 
quantum corrections in the Kahler potential and/or the gauge kinetic functions would require 
a redefinition of t 2 , involving ln(Mpi anck /A) oc ln^ [9| as 

h -> h = t 2 - a 2 lnti, (2) 

where a 2 is a parameter representing the size of the quantum corrections that lead to the above 
moduli-mixing. (Note that this is not a redefinition of the chiral superfield, but a redefinition of 
the scalar component of the chiral superfield.) In fact, a similar phenomenon has been noticed 
in heterotic string/M theory context, i.e. a redefinition of the heterotic string dilaton [3] 

s — > s — a hit, (3) 



which is required to accommodate the loop threshold correction to 4D gauge coupling [14] where 
s = S + S* is the heterotic string dilaton and t = T + T* is a Kahler modulus in underlying 
heterotic string compactification. In the heterotic M-theory limit, s corresponds to the small 
volume of 6D internal space, while t describes the large length of the 11-th dimension. Then 



4 



the heterotic redefinition (E]) in the limit t 3> s can have a similar geometric interpretation as 
the type IIB field redefinition fl2]) in LVS. 

To proceed, following , we assume that all complex structure moduli and the string 
dilaton are stabilized by fluxes at a supersymmetric solution, and those flux-stabilized moduli 
can be integrated out without affecting the subsequent stabilization of Kahler moduli. ^ In the 
following, unless specified, we set the 4D Planck scale (in the Einstein frame) M Planck = 1. 

Since we are interested in the large volume limit ti ^> 1, it is convenient to expand the 
Kahler potential of the model in (appropriate) powers of l/t\. Then, after the dilaton and 
complex structure moduli are integrated out, the Kahler potential and superpotential of Tj 
(i = 1, 2) are given by [3] 

K = -3\nt 1 + 2{ ^ 2 ~J a,) +0(l/tl), 

W = W + Ae- aT \ (4) 

where 

£ 2 = t 2 -o: 2 In t a (ti = Ti + T?). (5) 

The parameter £ a i in the Kahler potential represents the a'-correction, and a 2 parameterizes 
the radiative corrections that lead to the loop- induced redefinition of t 2 . Here we assume that 
Ae~ aT2 is induced by D3 instantons, so 

= Euclidean action of D3 instanton. (6) 

The constant Wq in the superpotential might arise from 3-form fluxes, and is assumed to be of 
order unity in LVS. As we will see, for the model of (j4j), we have 

7713/2 - ~^\W\ ~ ™ ~ \Ae-^\ (7) 



M Planck t J/2 

regardless of the value of Wq. As a result, the value of D3 instanton action is given by 

~ ln(Mpi anck /m 3/2 ) ~ 47r 2 



' Once Ti are stabilized at the SUSY-breaking vacuum, nonzero F-components of the dilaton and complex 
structure moduli do appear as well. However their effects are subleading compared to those of F Ti in the 
large volume limit t± ^> 1. 
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regardless of whether Wo ~ 0(1) or hierarchically small. On the other hand, with Eq. (J5J), 
ot 2 /t 2 corresponds to a loop suppression factor on small 4-cycle, and thus is expected to be 
(9(l/87r 2 ), which implies 

aa 2 = 0(1). (9) 

With appropriate ^-transformation and axionic shift Im(T2) — > Im(T2)+ constant, we can 
always make Wo and A to be real positive parameters. In the following, we will take such a 
field basis in which Wo and A are real and positive. 

Let us now examine the stabilization of Kahler moduli in the 4D effective SUGRA model of 
01]). The scalar potential of the model is given by 

^sugra = e K {K IJ D I W(D J Wy - 3\W\ 2 } . (10) 

Assuming t\ 3> 1 and also at 2 = 0(87r 2 ) as indicated by OH]), we can solve the equations of 
motion 



C^VsUGRA = <9 t2 VsuGRA = (11) 



to find 



tT_ = V 3 /3 _ 21 + 8aa 2 Q ( 1 

Wo " a A \2 12af 2 \{at 2 ) 2 



*M l + > ^ + <l£r)y (12) 

where the solution is expanded in powers of l/at 2 . The above solution shows that t\ can indeed 
have an exponentially large value for the parameter values given that at 2 ^> 1. Using the above 
solution, we can find the following moduli mass spectrum: 



a^2 if 



m l « ™a 2 ~ (^) 2 m3/2, (13) 



implying that we need 

aa 2 < 3 (14) 
in order for the solution ([121 to be a (meta) stable local minimum. 
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On the other hand, the form of the Kahler potential and superpotential in (]3J) is valid only 
when both £2 and £2 are positive in the convention that a is positive, which corresponds to 
the condition that both the D3 instanton action and the moduli Kahler metric are positive. 
Combined with the vacuum solution (j!2p . this leads to 



^1 = 3 - aa 2 + — ( ln(lM>) + C, ( 1 )) > °- ( 15 ) 
£2 £2 ^ ' 



For the case with W ~ 0(1), since a 2 /£ 2 = 0(1/8tt 2 ), the vacuum stability condition (ITS]) is 
satisfied for most part of the parameter region satisfying the above condition. Although Wq 
is assumed to be 0{1) in usual LVS, it is often required to be hierarchically small in order 
to accommodate both the gauge unification at 10 16 GeV and the soft SUSY breaking masses 
~ 1 TeV. For instance, in the presence of moduli mixing, our discussion in the next section 
implies that sfermions in the visible sector can get a soft mass of 0(7713/2) from the D-term 
contribution, while the gaugino masses are of (9(m3/ 2 /87r 2 ). In this case, demanding gauge 
unification at 10 16 GeV and the weak scale size of gaugino masses, one finds M str i ng ~ 10 15 
GeV and m 3 / 2 ~ 10 TeV, which correspond to £1 ~ 10 3 and Wq ~ 1CT 10 (see jT]) and ((Tj)). In 
such case of small Wo, there can be a sizable part of parameter space which satisfies f|T5|) . but 
is excluded by the stability condition (fT4|) . 

For a«2 < 3, the large volume solution ( JT2|) corresponds to an AdS vacuum (at least at tree 
level) as it gives the vacuum energy density 

Kacuum ~ -(3 - aa 2 )-^ — (16) 

o£2 ti 

Then, to achieve a phenomenologically viable de-Sitter vacuum, one might need an uplifting 
potential induced by additional sources of SUSY breaking*. Since m t2 = 0(8n 2 m 3 /2) as indi- 
cated by f fTBl . such an uplifting potential would not significantly affect the vacuum solution 
along the £2-direction, however it can cause a large shift of £1, and even might destabilize the 
solution. 

It is unclear yet if a successful uplifting sector can be introduced within the framework 
of large volume compactification of type IIB theory or its F-theory limits Here we take a 



t 



Alternatively, one can assume that (quadratically divergent) radiative corrections to the vacuum energy 



density do the job of uplifting [15 1. 



In KKLT compactification with warped throat, a successful uplifting can be achieved by anti--D3 branes (or 
any SUSY breaking branes) stabilized at the tip of throat. 
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phenomenological approach, simply introducing an uplifting potential inversely proportional to 
certain powers of the CY volume Vqy'- 

W m = ^ = -^\l + Ol-^\ I. (17) 




V n ° + 3n /2 
V CY t 1 

where no is a positive rational number and D is a positive constant which should be tuned to 
make the final vacuum energy density nearly zero. We then find that the stationary solution 
of the total potential Vtot = ^sugra + AVm is given by 

tT_ = 1/3 (3 _ (21 - 9n ) + (8 - 2n )aa 2 _ 2 , 



W a A " a ' V.2 A(3-n )at 2 2 

fi/ 2 - c It , 3 - (13 - 4n )aa 2 



V (3 - n )at 2 / 

showing that the qualitative feature of moduli vacuum values is untouched by the uplifting 
potential. Considering the moduli masses, we find m tl is modified 

m\ = (3 - n )(3 - aa 2 )^^ (19) 

while the other moduli masses are the same as those in fflBl . Since the uplifting is required 
only for aa 2 < 3 (see the vacuum energy density (flEl) ). this form of the large volume modulus 
mass implies that the stationary solution fflBl becomes a saddle point when uq > 3, for which 
the uplifting potential is too steep to give a local de-Sitter minimum. 

III. D-TERM STABILIZATION OF THE MSSM CYCLE MODULUS 



It has been pointed out in 12] that a 4-cycle supporting chiral matter fields can not have a D3 
instanton superpotential. This implies that the D3-instanton 4-cycle described by the Kahler 
modulus T 2 can not be identified as the visible sector 4-cycle supporting the MSSM gauge and 
matter fields. The large volume 4-cycle also can not be identified as the visible sector cycle as 
it would give a too small SM gauge coupling g\ M ~ l/t\. With this observation, a third 4-cycle 
has been introduced in Js(] to accommodate the MSSM sector under the assumption that the 
corresponding Kahler modulus T 3 is stabilized by a D-term potential. 

As there is no instanton superpotential of the form e~ bT3 , the .D-term stabilization of T3 is 
indeed a natural direction to be explored. For this, we need a D-term which depends on t 3 = 
T 3 + T 3 * even in the limit that other (gauge charged) matter fields are all vanishing. This would 
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)e achieved by having an anomalous U(l) symmetry under which T 3 transforms nonlinearly 
16], so that the associated anomaly is canceled by the Green-Schwarz (GS) mechanism fl?) ]: 



U(l) 



V A ^V A + A A + A% T 3 ^T 3 + 5 gs Aa, ^ e' 2 ^^, 



(20) 



where V A is the vector superfield containing the U{1) A gauge field, is a chiral superfield 
parameterizing the U(1) A transformation on iV = 1 superspace, Sqs is a constant of 0(1/8tt 2 ) 
(under a proper normalization of T 3 ), and finally $j stand for generic chiral matter superfields 
with U(1) A charge The gauge boson mass and the D-term of U{1) A are given by 



M\ = 2g A r ] I r ] J K I j = 2 9 2 a (m 2 gs + M 2 PQ ) , 



D f 



-rfKj = £ FI + M 2 PQ , 



(21) 



where g A is the U(1) A gauge coupling, Irf = —d^/SKj^ = {— 5gs, 2q^i} denote the holomor- 
phic Killing vector field generating an infinitesimal U(1) A transformation of chiral superfields 
$' = {1^}, and 

2 / Q2; 



M GS = 


( 5gs 
V 2 




8gs i 
2 \ 



d K 
dT 3 dT* 



*i=0 



dK 



(22) 



*i=0 



Note that M GS corresponds to the U(1) A gauge boson mass-square in the limit $j = 0, which 
originates from the Stuckelberg mechanism associated with the U(1) A transformation of Im(Ts), 
while M P q oc stands for the contribution to M\ from the nonzero vacuum values of 

the U(1) A charged matter fields $j. (Here we use the subscript "PQ" as M P q corresponds 
to the scale of spontaneous breaking of a U(l) Peccei-Quinn symmetry 18|.) The nonlinear 
transformation of T 3 under U(1) A gives rise to the moduli-dependent Fayet-Illiopoulos (FI) 
term £pj which should be canceled by the D-term contribution Mpq from the vacuum values 
of 

The explicit realization of the D-term stabilization of T 3 depends on the relative size of £fi 
compared to M GS frol . [2^] , which would identify the D-flat direction. If T 3 is stabilized at a 
point with 3> M GS , the U(1) A gauge boson gets most of its mass from the vacuum values 
of $j since M PG . w —£,fi along the D-flat direction and also generically |Mpg| ~ |Mpg|. In this 
case, the D-term potential fixes essentially a combination of [/(l)A-charged matter fields 
while leaving T3 as an unfixed D-flat direction. This would be the case when T 3 is stabilized at 



a geometric regime where £3 ~ ^/9gut = ^(-0 an d the Kahler potential obeys a simple scaling 
behavior 0K/dt 3 ~ t 3 d 2 K/d 2 t 3 , giving 

fa 2 / d T ,K 



M 2 GS 6 GS \d Tz d TS K 



*,=o 5gs 



- ~ C(8tt 2 ). (23) 



Alternatively, T3 might be stabilized at or near a (singular) point with vanishing FI term 
§J, [9]. In such case, it is possible to have 

£ FI ~ Mpg ~ M| Q « M^ SJ (24) 

so that the U(1)a gauge boson mass-square is dominated by the Stiickelberg contribution Mq S . 
Then £3 is stabilized as desired by the D-term potential of U(1)a, while the unfixed .D-flat 
direction is described mostly by a combination of $j. This limit is particularly interesting 
since it offers the possibility that Mpq is far below the string scale. As we will see, in this 
case, Mpq can be identified as the scale of spontaneous breakdown of an anomalous global 



symmetry which can solve the strong CP problem 



18 
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22]. One can then have a QCD 
axion with phenomenologically favored decay constant Mpq ~ 10 9 — 10 12 GeV [23| even when 
the string scale is close to Mpi anc k. Another interesting feature of this case is that the D- 
flat direction can be easily stabilized by the combined effects of supersymmetry breaking and 
appropriate tree- level superpotential of $j. Thus, in the following, we will focus on the case 
with £ F/ < Mq S . 

To proceed, let V a denote the MSSM gauge superfields localized on D-branes wrapping the 
visible sector 4-cycle. Including Va and the chiral matter fields $j together, and keeping only 
the leading order terms in the expansion in 1/ii, the Kahler potential, superpotential and gauge 
kinetic functions of the model are given by 

K = Ko^t^t^ + Z^e^^ + Om 4 ), 

fa = 7a + k a T 3 , f A = 1a + k A T 3 , (25) 



where 



Ko = -3 ln tl + 2(t1/2 3/2 ^ + -L (P 3 + Off 

t 1 1 

W = W + Ae- aT2 (26) 
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= (29) 



for 

U = Ti + T* (i= 1,2,3), 

t 2 = h - at 2 lati, £ 3 = t 3 - a 3 ln£i - 5 G5 Va, (27) 

and / a and denote the holomorphic gauge kinetic functions for the MSSM and £7(1)a gauge 
superfields, respectively. The constants 7 a and ja m the gauge kinetic functions might be 
induced by the vacuum value of the type IIB string dilaton, and they have a value of order 
unity (or smaller) in general. As was noticed in [9|, |l3j, generically it is expected that the 
radiative corrections on the visible sector 4-cycle require a redefinition of £3 depending on 
ln(Mpi anc k/A) oc lnti, where A is the local cutoff scale : 

* 3 -> * 3 -a 3 ln*i. (28) 

The form of the Kahler potential of £3 is dictated by the condition that t% is stabilized near 
the point with vanishing Fl-term, which can be defined as 

dK 

for the U(l) a- invariant combination i 3 including the effect of moduli mixing. For simplicity, 
here we assume that the Kahler metric of t 3 is independent of the second Kahler modulus t 2 , 
however all of our subsequent discussions are valid even when the Kahler metric of t% is given 
by a generic function of t 2 . As for the power p of t± in the Kahler metric of £3, one can consider 
two possibilities: 

p = 3/2 or 1. (30) 

f the local cutoff scale of T3 is given by the string scale, p = 3/2 would be the correct choice 
^. On the other hand, if the Kahler metric of T 3 behaves like those of $j, one would have 
p = 1 for which the local cutoff scale corresponds to the winding mode scale M* ~ ^string- 
Note that Mqs takes a different value depending upon the value of p: 

M GS ~ 5 GS M string (p = 3/2) or 5 GS M* (p = 1). (31) 

Yukawa couplings of the canonically normalized matter fields localized on the MSSM 4-cycle 
should not have any power-law dependence on the bulk CY volume, and thus no power-law 
dependence on £]_. Under this requirement, the matter Kahler metric is given by 

z i = ^y i (t 2 J 3 ), (32) 
11 



where 

k = h-fo In t x , t 3 = t 3 -(3 3 In ti - 5 GS V A (33) 

for the moduli mixing parameters 02,3 which generically can differ from «2,3 that describe the 
moduli mixing in Kq. We can always choose the normalization convention of $j to make 3^ 
have a vacuum value of 0(1), and also take the normalization convention of 7\ and T 3 for which 

= O(l), fc aiA = O(l). (34) 

Then the large volume solution f|T2|) (or (|18p in the presence of uplifting potential) and the 
instanton action (J5]) indicate that the vacuum value of t% is of 0(1) and the parameter a = 
(9(ln(Mpi anc k/m 3 / 2 )) in our convention. Since the U(l) ^-variation of the gauge kinetic function 
should be canceled by the loops of U(l) ^-charged fermions, under the assumption that U(1) A 
charges of chiral matter fields are generically of 0(1), we find 5qs — 0(l/8n 2 ). The parameters 
describing the loop-induced moduli redefinition, i.e. «2,3 and 0^,3, are expected to have a similar 
size of 0(l/8n 2 ). Summarizing the size of model parameters in our convention, we have 

1 



>GS 



«2,3 ~ /?2,3 = O 



in 2 



a = 0(ln(M Planck /m 3 / 2 )) = 0(8tt 2 ). (35) 

With the Kahler potential given in (1251) . the U(1)a gauge boson mass and the D-term are 
given by 

M 2 A = 2g 2 A (M 2 GS + M 2 PQ ), 

D a = Zfi + M 2 pq , (36) 



where 



w2 _ / "'-5 \ 2 1 p _ $Gst 3 

M GS ~ [ — J ^ &I - 



M 2 PQ 



Lz.-^d^^e 2 ^). (37) 



i 

Here we use units with Mpi anc k = 1. The vacuum values of the gauge- invariant combinations 
$*e 2(JiVA $j will be determined later by the combined effects of supersymmetry breaking and the 
F-term scalar potential. 
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Since there is no D3 instanton effect of the form e bT3 [12), the Kahler potential and the 
superpotential are invariant under the axionic shift of T 3 : 

U(1)t 3 '■ T3 — > T3 + imaginary constant, (38) 

which is explicitly broken by the variation of the holomorphic gauge kinetic functions. Due to 
the anomalous U(1)a gauge symmetry, this axionic shift symmetry is equivalent to the global 
U(1)pq symmetry under which 

U(1) PQ : $ e^Qi, (39) 

where qi is the U(1)a charge of and a is a real constant. The Green-Schwarz anomaly 
cancelation [l7| for U(1)a requires 

^ %Tr(T Q 2 ($,)) = k a 5 GS , 2^ Z) «? = k ^ (40) 

i i 

where k a and fc^ are the coefficients of T 3 in the gauge kinetic functions /„ and Ja in (1251) . This 
means that U(1)pq is an anomalous global symmetry which can solve the strong CP problem 



by the axion mechanism 



21 



22( | . Obviously Mpq ~ Mpq corresponds to the scale where 



U(1)pq is spontaneously broken, and thus to the axion decay constant which is constrained to 



be above 10 9 GeV by astrophysical considerations 23] : 



M P Q > 10 9 GeV. (41) 

If t% is stabilized by the D-term potential, the Kahler modulus superfield T 3 becomes a part 
of the massive U(1)a vector superfield. As a result, its equation of motion is encoded in that 
of Vai which takes the form 

^— = 0(D*V 2 Va), (42) 
aw a 

where V 2 = V a V a for the superspace covariant derivative V a . Here the right-hand-side of the 
above equation of motion comes from the variation of the gauge kinetic term in the N = 1 
superspace. As long as m 3 / 2 Mas, this part can be safely ignored in the discussion of moduli 
stabilization and SUSY breakdown. For the Kahler potential (j25p . the superfield equation 
is given by 

fa 



4MA S V A - 



S, 



GS 



+ ^- lnf^ + $*e 2 «^^ U qi Zi ~ Sgs^ 1 ) = 0(V 2 V 2 V A ). (43) 
°gs J V dt 3 J 
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The Kahler potential in ( 12B"j) assumes 



t 3 = t 3 - a 3 \nti - 5 GS V A < 1. 



(44) 



The superfield equation (J4"5j) suggests that this condition is fulfilled if the matter fields are 
stabilized as 



M, 



as 



jgs 



(45) 



For simplicity, here we take a stronger condition: 



K Q « ^GS 



(46) 



since the analysis for such case is rather straightforward. In the appendix, we will show that 
similar results are obtained even when Mp Q > Mq S as long as Mpq <C Mq S /5gs- 

To determine the VEVs of ?7(l)A-charged matter fields in the limit Mpg -C Mq S , one can 
integrate out the massive U(1)a vector superfield including and examine the stabilization 
of $j based on the resulting low energy effective theory l_9j, [20|] . For this, it is convenient to 
make the field redefinition: 



5, 



GS 



(47) 



under which the holomorphic gauge kinetic function is transformed as 

f a = la + k a T 3 -> ff = la + k a T 3 Tr(T a 2 ($,))Mi 



lay 



GS 



(48) 



where we have used the anomaly matching condition ( f4*0|) for the last equality. With this field 
redefinition, T 3 is gauged away in and the solution for the £7(1) a vector superfield is given 
by 



V A 



$GS 



lnti- I 2q i Zf-5 < 



0& 7 4M, 2 







G'.S' 



Z cff $*(T). 



(49) 



where 



7Cff 



t 2 = * 2 - fk lnti, 4 = («3 - AO Inti) 



1 



W2 = *2 - 02 1**1, *s = (« 3 - AO Inti) 



l+2(jia3/5 GS 
1 



(50) 
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The effective Kahler potential of light fields can be obtained by inserting the above solution 
into the Kahler potential ( 1251) . which gives 



M 2 GS 



-31nfi + 2(t % /2 ^ + ZfQfr (l + o( ) ) . ( r,i } 



Note that 

MpQ ~ (Z^e 2 *^) ~ (2f (52) 

and therefore the above effective Kahler potential provides a controllable description of low 
energy physics in the limit MpQ <C Mq S . 

Let us now present a simple model which fixes the axion scale MpQ by the combined effects 
of SUSY breaking and a Planck-scale-suppressed term in the superpotential. This type of 
model provides a setup giving the axion scale in the phenomenologically desirable range 10 9 
GeV < Mpq < 10 12 GeV even when the string scale is close to the Planck scale. To have 
Mpq > 10 9 GeV, U(1)pq should be broken dominantly by U(l) ^-charged but MSSM- singlet 
matter fields. As a kind of minimal example, we introduce two such matter fields, X and Y, 
with the following Kahler potential and superpotential 24|: 



AK = Z x X*e 2qxVA X + Z Y Y*e 2qYVA Y, 

AW = k — r , (53) 

Jvi Planck 

where k = —qy/qx — 2 is a positive integer, and k can always be chosen to be a real positive 
constant which is expected to be of order unity since Mpi anc k is the natural scale to determine 
the coefficients of higher dimensional operators in the 4D supergravity superpotential. To 
determine the vacuum values of X and Y, one can integrate out Va and T3 to obtain the 
effective Kahler potential (|5ip . and define the canonically normalized matter fields 



- 11 



while treating t± and t 2 as a fixed background. Then the effective potential of $j = {X, Y} 
takes the form 

Kff = m 2 x \X\ 2 + m Y \Y\ 2 + \kA K Mk + h.c. 

+ Wk (l^! 2fc+4 + (* + 2) 2 |X| 2 ^ 2 |y| 2 ) + O ) , (54) 



L GS 
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where rrii (i = X, Y) and A K denote the soft SUSY breaking scalar mass and A-parameter, 
respectively, and 



K K 

K = 



/ e -(fc+3)Ks ff /3( Z eff)fc+2 Z «ff ^Jy k x +2 y Y 

Note that k = 0{k) as (i = X, Y) are defined to be of order unity, and the scalar potential of 
the canonically normalized matter fields induced by the Planck-scale-suppressed superpotential 
is controlled by the winding scale: 

M. ~ ~ t{ /4 M stling . (55) 

As we will see in the next section, in the limit Mp Q <C Mq S , the dominant contribution to 
comes from the U(1)a D-term of 0(my 2 ), while A K receives only a suppressed contribution of 
0(m 3 / 2 /87i 2 ) from the F-components of moduli superfields: 



m x - -Qx9a d a ^ 7 m 3 / 2 = 0(m 3/2 ) , 

m Y ~ -q Y g 2 A D A ~ -(/c + 2)m^, 

^o(^), (56, 

where we have used qy = — (/c + 2)gx- A nice feature of the above soft masses is that a tachyonic 
m 2 ^ at tree level can be naturally obtained, which induces a nonzero vacuum value of X at an 
intermediate scale. One just needs to assume qx^/Scs > 0, giving m 2 x < 0. We then find that 
X and Y are stabilized at the following vacuum values: 

m x M* x 




which give 



2(k + 2)m Y 



(X) ~ M PQ 



(57) 



(m 3 / 2 M^ lanck 



,fc/2(fc+l) 



my / \ 87T 2 

With this result, one can choose appropriate values of model parameters to get an intermediate 
axion scale in the range 10 9 GeV < Mpq < 10 12 GeV. 
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In the above, we have presented a simple model in which the axion scale Mpq is determined 
by the combined effect of supersymmetry breaking and a Planck-scale suppressed term in the 
superpotential. For simplicity, we assumed that the axion scale is lower than the U(1)a vector 
boson mass as 

M PQ < Mqs ~ 5 Gs t^ M string , (59) 

where p (= 3/2 or 1) denotes the power of ti in the Kahler potential of the MSSM cycle 
modulus T 3 . On the other hand, in LVS we generically have M string /M Planck ~ 1/t^ 4 and 
ra 3 / 2 /M stririg ~ W ft 3 /*, yielding 

Mqs ~ 6 GS M Planck ( ±J^-) P/S ~ flO 16 - 10 17 ) x ( I^Y^ GeV, (60) 

where Wq is the flux-induced constant in the effective superpotential. As was noticed in |9j, in 
the presence of loop-induced moduli-mixing, the MSSM gauginos get a mass of 0(m 3 / 2 /87r 2 ), 
and therefore m 3 / 2 is required to be in multi-TeV range, e.g. m 3 / 2 = O(10) TeV, in order 
to realize the weak scale SUSY scenario. If we further assume Wq ~ 0(1) and p = 3/2, the 
resulting Mqs is in the range of 10 9 — 10 10 GeV, and therefore might not be high enough to 
assure the condition Mqs 3> Mpq > 10 9 GeV which has been used throughout our analysis. In 
such a case, one might need to stabilize the matter fields at a point giving Mpq comparable to 
or even higher than Mqs, which would require a separate analysis. In the appendix, we show 
that it is also possible to stabilize T 3 , X and Y within the model of (1251) and (153]) at a point 
giving (X) ~ M P q > M GS , as long as (X*X) < M GS /5 G s, and the resulting SUSY breaking 
patterns are similar to those in the case of (X*X) M GS . In such situation, M G $ corresponds 
to the QCD axion scale, while Mpq determines the U(1)a gauge boson mass. 

IV. SUSY BREAKDOWN AND SOFT TERMS 

We are now ready to discuss SUSY breakdown and the soft terms in the MSSM sector. In 
the LVS models, the F-components of the Kahler moduli Ti (i — 1,2, 3) and the D-component 



of the U(1)a vector superfield Va are the prime candidates for the origin of soft terms 25|-|27] 



/or Y, there 



28|. We first 



If there exist gauge-charged messengers which have a Yukawa coupling to X and/ 
can be gauge-mediated soft terms arising from the F-components of X and/or Y 
evaluate the vacuum values of these SUSY breaking auxiliary components using the results of 
the previous two sections. 
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From the moduli vacuum values of T\ and T 2 in (fT2"l) . it is straightforward to find 




(61) 



where the F-component of a generic chiral superfield $ 7 is defined as F 1 = —e K ^ 2 K IJ (DjW)*, 
and this expression of F Tl (i = 1,2) is not affected by the uplifting potential. Combining the 
vacuum values of the PQ sector fields in (1571) with the superfield equation (1431) . we also find 
the following vacuum configuration of the U(1)a sector fields: 



vacuum values, for instance those of ($j = X,Y) and the scalar and F components 

of Va-i are not invariant under the T3-dependent field redefinition (jUJ). More specifically, the 
original Va in (H3|) is defined in the Wess-Zumino gauge, and therefore has vanishing scalar and 
F components. On the other hand, Va in (T4§1) after the field redefinition (|47p is defined in the 
unitary gauge containing the Goldstone superfield oc T3 + T 3 *, and therefore has nonzero scalar 
and F components coming from T 3 + T 3 *. As for F*7$i ($< = X,Y), the above results denote 
the vacuum values before the redefinition f|47|) . 

Although the above vacuum values of the U(1)a sector fields have been derived in the limit 
Mpg <C Mq S , we find (as explained in the appendix) that they remain to be valid even for 
MpQ > Mq S , at least qualitatively, as along as t 3 ~ 5gsMpq/Mq S 1, which would be 
required for the Kahler potential to be expanded in powers of £3 as in ( 1261) . 
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A notable feature of LVS is the no-scale structure of the large volume modulus ti, which 
leads to a strong suppression of the anomaly mediated contributions. Anomaly mediation 
is described most conveniently by the super- Weyl-invariant compensator formulation of 4D 



SUGRA, involving a chiral compensator superfield C [29J. One can then choose a super- Weyl 
gauge in which the SUSY breaking (but Poincare- invariant) component of ordinary SUGRA 
multiplet is vanishing, e.g. 

K\ e=s=0 = 0, (63) 

where 1Z is the chiral curvature superfield in N = 1 superspace. One could also choose the Ein- 
stein frame gauge for which Cq = C\ e= g =0 = e K ^ '. Thus the F-component of the compensator 



superfield is given by 

F c 



, , rn 3/2 + ^K^ 1 . (64) 



Using the results on the moduli and matter F-components, we find 

F c _ ( m 3/2 Af s 2 tring m 3/2 M 2 PQ 



°0 V M Planck M Planck / 

where the piece of O (1713/2 Mpn/Mp llmck ) originates from the K T3 F T3 , while the other piece 
of C(m3/2M s 2 tring /M| lanck ) can arise from the mixing between Ti and the string dilaton that 
appears in the a' correction to the Kahler potential. This assures that anomaly mediation in 
LVS can be safely ignored. 

With the SUSY breaking auxiliary components given above, we can compute the soft terms 
of the MSSM gauge and matter multiplets as well as those of the PQ sector matter multiplets. 
Here we will focus on the soft terms induced by the moduli F-components [25J and the U(1)a 



D-component 



26 



271 ]. although there can be gauge- mediated soft terms as well. For instance, 
if there exist gauge-charged messenger fields $ + $ c with a Yukawa coupling oc Y$$ c , gaugino 
and scalar masses of Q(m^/y) can be induced by F Y /Y ~ 8n 2 m3/2 through the conventional 



gauge mediation mechanism 28( , and these gauge-mediated gaugino masses will dominate over 
the moduli-mediated gaugino masses of 0(m 3 / 2 /8TT 2 ). However the presence of such gauge 
mediation is strongly model dependent. Particularly it depends on whether the model contains 
exotic matter fields with the right quantum numbers and right couplings. In any case, it is 
straightforward to incorporate the gauge-mediated soft terms, if there exist any, with the more 
generic moduli-mediated or D-term induced soft terms on which we will concentrate in the 
following. 
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To evaluate the moduli-mediated and D-term induced soft parameters, let Tj denote the 
SUSY breaking moduli superfields (not including the compensator C), and $j denote the visible 
sector chiral superfields with canonically normalized scalar components 0j. For a generic 4D 
SUGRA model described by 

K = K^TjXi) + ZiiTj^We 2 *^, 

fa = fa{T T ), (66) 

soft SUSY breaking terms of canonically normalized components fields take the form 

1 1- l „ „ „ „ 

£ so ft = --M a \ a \ a - -rrfl&l 2 - — AijkXij k (t>i(f>j(f>k 

_ 1 A f^ k ^ ^ J + h . c (67) 
n! 

where A^ and k ili2 „ in denote the canonically normalized Yukawa couplings, 



A 



A,-; 



ijk 



ijk 



y/e-KoZiZjZk 



^^z~z~z~ 

and the soft SUSY breaking parameters (at scales around the cutoff scale) are then given by 

^- (B -3,g-^ h ( e ^^J, 

m\ = \v F - F'F'djdj In [e~ K ^Z>) - (q { + rfdj In Z t ) g 2 A D A 
^ = V^ a -^^Tr(Tf($ J ))F^ln(e-^) + -^^, (68) 



where Vp = K I jF I F J — 3m 2 j 2 is the F-term scalar potential. Here we consider the tree level 

contributions (in the sense of 4D effective SUGRA) to and A-parameters as they provide the 

dominant part at the cutoff scale. On the other hand, we included the full 1-loop contributions 
I I 

to gaugino masses [30| , which can be relevant for the gaugino masses derived from the effective 
theory after the massive U(1)a vector multiplet (including T3) is integrated out. 

The above expression of soft masses can be applied to the LVS model ( )25l) with the PQ 
sector given by ( |53|) . We find 



m 2 - -<lt9A D A 



2( li a 3 , ^ f M PQ 



+ 



Sgs V m gs 
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m t/2 = 0{m\ /2 ), 



A... ~ 
^-tjk — 




\(- 

\2a 


A ~ 


'(- 


\2a 




9i 


2 



m 3/2 



V 8tt 2 / 



- - fa ) d h \n(y k x +2 y Y ) + (aj, - ln(^r^y 



fc+2- 



\ 8tt 2 / 



a 3 fc a 







3/2 



in' 



(69) 



where we have kept only the dominant part in the limit M\q <C Mq S . Here the matter 
Kahler metric is given by Zi = 3^ (^2, i 3 )/ti, and we assumed that is a generic function of 
h = h - fa lnti and i 3 = t 3 - fa lnti - 5 GS V A , with <9 a In 3^ = 0(1) (a = t 2 , 4)- 

The most notable feature of the above soft masses is the relative enhancement of the scalar 
masses compared to the gaugino masses. Gaugino masses and A-parameters induced by the 
moduli F-components are generically of (9(m 3/ / 2 /87r 2 ), while sfermion masses induced by the 
U(1)a .D-term are of 0(m 3 / 2 ). Note that loop-induced moduli mixing, particularly the one 
described by a 3 , is crucial for the soft masses comparable to m 3 / 2 or m 3/ / 2 /87r 2 . An intriguing 
feature of our results is that the D-term induced sfermion masses are 0(m 3 / 2 ), although they 
result from a loop-induced moduli mixing. This is due to the suppression of the U{1)a gauge 
boson mass-square by 5q S . Since the D-term contribution to sfermion masses arises from the 
exchange of the U{1)a gauge boson, the loop-suppression factor a 3 is compensated by the 
enhancement factor 1/5gs m V^Ka> and this makes the D-term contribution to be of 0(m 2 , 2 ). 

In the case M|,q <C Mq S , the above soft parameters can be obtained also from the effective 
theory constructed by integrating out the massive Va and T 3 . Indeed, by applying ( |68l) to the 
effective theory described by the effective Kahler potential fl5Tl) and the effective gauge kinetic 
function (jUJ), we find the same result up to small corrections suppressed by Mpq/Mq S : 

2q { a 3 



VTL: 



-\F T i\ 2 d Tl d T *\n(e- K °/ 3 Zf) 



A 



A K 



3 

2a 
3 

2a 



,eff-i,eff-i,eff 



■m 



3/2' 

m 3 / 2 , 



d t2 in yfyfyf + d tl in yfyfy] 
d t2 in {{yf) k+2 yf ) + hd h in {{yf) k+2 y 



m 3/2 , 
m 3 /2, 



(70) 



where 



Z i (ti 1 i 2 = t 2 - fa lnti, i 3 = (a 3 - fa) lnti) 



,2qia 3 /6 GS 
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= yi(i 2 = t 2 -/3 2 lnti, is = (a 3 - gg) IntQ 

,l+2qia 3 /8 G S 

,l+2q ia3 /5 G s ' 

and we have used the anomaly matching condition (j40p for the gaugino masses. 



V. CONCLUSIONS 

As we have seen, the LVS scenario 7| leads to a somewhat different pattern of soft terms 
than the conventional KKLT scenario [3]. While in the LVS case we find soft scalar masses of 
the order of the gravitino mass (due to the D-term contribution), the KKLT scenario leads to 
suppressed scalar masses of order 7713/2/ hi(Mpi anc k/m3/2) as expected in mirage mediation {5, 6]. 
The moduli-mediated gaugino masses and A-terms appear to be of order m 3 / 2 / ln(Mpi anc k/m 3 / 2 ) 
in both cases. Therefore, unless there exist more model dependent gauge-mediated contribu- 
tions dominating over the moduli mediation, soft masses in LVS with moduli-mixing shows 
a loop-hierarchy pattern: rrii ~ 8n 2 M a . Another key difference between LVS and KKLT is 
the relative importance of anomaly mediation. In the LVS, due to the no-scale structure, 
anomaly mediation is negligible, while in the KKLT scenario it becomes comparable to the 
moduli-mediation, leading to the mirage unification of soft masses at a scale different from 
M GUT ~ 2 x 10 16 GeV [g|. 

The two set-ups differ also in the way to obtain a small value of 7713/2- In the KKLT scenario 
this comes from a small value of the superpotential W, while in the LVS models one assumes 
W ~ 1 and a small m 3 / 2 is the result of the large volume suppression. Large volume, of course, 
implies a large hierarchy between the Planck scale and the string scale Mp lanck /Mg tring ~ Vcy- 
The natural setting for LVS would be a string scale at an intermediate value of approximately 
10 11 GeV and a gravitino mass as well as the soft mass terms at the (multi) TeV-scale. In the 
KKLT set-up the natural value of M str i ng would be rather large, somewhere between the Planck 
scale and a possible GUT scale at 10 16 GeV. The two scenarii can be connected in principle by 
changing the value of the superpotential. With the results for the soft terms in the presence of 
loop-induced moduli mixing, assuming soft masses to be in the TeV range, it is likely that a 
gravitino mass much heavier than 0(87r 2 ) TeV requires a severe fine tuning of Kahler potential. 
For the LVS case (assuming W ~ 1) this would imply the string scale is around 10 11 GeV, 
which is quite small compared to the GUT scale of 10 16 GeV. In that sense, the pure LVS- 
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scenario might be difficult to be compatible with gauge coupling unification at 10 16 GeV. Such 
a GUT-picture would require a value of the superpotential that is small compared to one. 

Our considerations are valid for the simple set-up described and we have focused on the 
generic contributions to soft terms from the moduli F-components and the U(1)a D-term. 
Other more model dependent contributions could be present as well. For example, the fields X 
and Y introduced in section 3 to break the global Peccei-Quinn symmetry at an intermediate 
scale could act as the origin of additional "gauge mediated" contributions. It is straightforward 
to incorporate those gauge mediated contributions with the soft terms discussed in this paper. 
This, in connection with the incorporation of a QCD axion, will be discussed in detail in a 

n 

future publication [3JJ. 
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Appendix A 

In section 3, we have discussed the stabilization of the D-flat direction based on the effective 
theory constructed in the limit Mpq <§C Mq S . Here we provide an analysis of the stabilization 
of the U{1)a sector in more general situation including the case Mpq ~ Mqs- 

Under the assumption that £3 = t 3 — In t\ — Sqs Va has a small vacuum value, which would 
be fulfilled if Mpq <C Mq S /5gs, the Kaher potential and superpotential of the model are given 
by 

K = -31nt 1 + 2(t %~^ ) +-L(tl + 0(t1)) 
t l 1 

+ Z x X*e 2qxVA X + Z Y Y*e 2qYVA Y, 

vk+2y 

W = Wo + Ae- aT * + K— k , (Al) 

M Planck 

where = y^^t^) /t\ (i — X, Y). Inserting the values of t±2 and F Tl - 2 obtained in (|12p and 
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2 r>2 



f lfJTj) into the SUGRA scalar potential: 

^sugra = e K {K IJ DjW(DjWy - 3|Wf } + l -g 2 A D 
we find the following scalar potential of £3, X and Y: 

V(t 3 ,X,Y) = 9 l^M 2 GS ^~q x Z x \X\ 2 ~qyZy\Y\ 2 ^ 

'A ml /2 Ml s \ / (2-p)(p-l) I2 
^J^J {^ + 2 

- ml /2 [p a da^y X + (i a i b d a d b \ny x )^Z x \X\ 2 

- ml/2 (AA In 3V + {lal b d a d b In JV)) Z y |F| 2 



qiZi = \qi —ft = ftZj 7T d u Z i 



where 



AA = /3 2 ^ 2 + AA 3 > 

7<A = " % + (« 3 - ft + (P - l)t 3 )%, 
A K = (7a9 a ln(^ +2 ^y))m 3 / 2 . 

From the SUGRA expression of the F-component, i.e. F 1 = —e K ^ 2 K IJ (DjW)*, we find 



F T * = (« 3 + (p - l)t< 



= - (lada In y<) m 3/2 - ^ ^ ($i = X, y), 

where W m = nX k+2 Y/ Mp llinck . The stationary point of the potential ( IA2j) is given by 

5 GS M 2 pn 

h = (i + 0(fcs)) , 

l/(*+l) 



'^^^vdftlw( 1+0 (€))- 



24 



where 



Mpi anck .1/4,, 
M * = ~TFT~ t l ^string, 



K Q = (fc-^j Z.v|Af + ,.v-^a t3 ) Z r \Y\ 2 , 



,2 



9a-Da = 9a — i ft^iN = -? + (2-p)(p-1)t7T ■ 

V "GS / V ^GS M GS J QX 

To see that this stationary point is a stable (local) minimum, we can compute the mass-square 
eigenvalues m\ 2 of the D-flat directions. We then find 



'"1= I ' V "V Q ^ H/s (A6, 

m\ = -2q Y glD A = 2(k + 2)(?f^ + (2-p)(p-l)^)ml /2 , (A7) 

V d GS M GS/ 

showing that both eigenvalues are positive, so the solution ( 1A5j) is indeed a stable (local) 
minimum. We can now make an order of magnitude estimate for the vacuum configuration of 
the U(1)a sector fields: 



a 3 (p-ljjgg . 2 



^3/2, 



/ 1 | {p-l)5 GS Ml Q \ 

K ~ + — — J m3/2 

|X| ~ M PQ ~ ( \/D A Ml ) , |Y| 7^=|A"| 



.F F D 

~ (lada1ny x )m 3/2 ~ A K , — (A8) 

A i A K 

where 5gs ~ «3 ~ l/8n 2 , and we have ignored the coefficients of order unity in the expression. 
Note that in the limit Mpg <C M GS , the above results reproduce (1571) and ( 1621) obtained in 
section 4 based on the effective theory constructed by integrating out the massive U(1)a vector 
superfield in the limit Mpg <C M GS . The above results show also that (1571) and (|62|) are valid 
even when Mpg > M GS , at least qualitatively, as along as t 3 ~ 5gsM P q/M gs <C 1, which is 
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required for the Kahler potential to have a meaningful expansion in powers of £3 as in (lAlj) . 
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